Abstract: Despite the fact that the Universal Soil Loss Equation (USLE) was originally developed to estimate erosion rates for agricultural lands, both the USLE and its successors (RUSLE Versions 1.06, 2.0) are increasingly applied to non-agricultural land disturbances. For these non-agricultural applications there is little consensus in the erosion-science community concerning which covermanagement factor (C-factor) values should be used to account for the effects of various slope-protection materials. The purpose of this study is to derive appropriate RUSLE C-factor values from the rainfall-simulation study data collected at the Texas Department of Transportation -Texas Transportation Institute, Hydraulics and Erosion Control Laboratory (TTI) and the San Diego State University, Soil Erosion Research Laboratory (SERL), and to evaluate the utility of such values. RUSLE C-factor values were calculated for over 50 erosion-control products, straw mulch, and several vegetation types for various research conditions. The C-factor values were then compared with the few values provided by the manufacturers of erosion-control products. The C-factor values for straw mulch and the several vegetation types were compared with analogous USLE C-factor values found in Agricultural Handbook 537 (Wischmeier and Smith, 1978 ) and values calculated using RUSLE2. One-way ANOVA tests and a Tukey test identified a significant difference between the C-factors calculated with the SERL methods and the USLE C-Factors and a second significant difference between the SERL method C-factors and values provided by product manufacturers. To test the spatial and temporal variability of C-factors, monthly values were calculated using RUSLE2 for 49 U.S. cities. A two-factor, without replication, ANOVA test was used to determine that the temporal and spatial variability of C-factor values is statistically significant. As a result of the lack of available C-factors for specific products, the SERL method at best provides a "quick and dirty" C-factor estimation. These values provide a soil-loss ratio useful for comparing the surface protection of similar erosion control products. The results of this study should assist USLE and RUSLE users by increasing awareness of the high variability of available C-factor values and highlight the need for product-specific C-factor values in RUSLE2.
Introduction
The Universal Soil Loss Equation (USLE) was developed by the U.S. Department of Agriculture (USDA) in the late 1950's to facilitate conservation planning on agricultural lands primarily in the Midwestern U.S. The USLE remained the most useful tool for erosion prediction on disturbed lands from the early 1960's until the revision in the late 1980's. Despite the fact that the USLE was developed using agricultural-land data and was intended for agricultural use, it has been applied to a wide range of land disturbances (Meyer and Romkens, 1976) , including highway construction Fletcher, 1977, Israelsen et al., 1980) , forest lands (Dissmeyer and Foster, 1980) , and mined land (Shown et al., 1982) .
At a workshop of government agencies and university soil-erosion scientists in 1985, participants concluded that the wealth of scientific data and information that had accumulated since the publication of Agriculture Handbook 537 (Wischmeier and Smith, 1978) needed to be incorporated into the USLE. This overhaul resulted in the revised and computerized version of the USLE, named the Revised Universal Soil Loss Equation (RUSLE; Renard et al., 1997) .
Many improvements were incorporated in RUSLE, making RUSLE better suited for uses on mined lands, construction sites, and reclaimed lands. Weather data from more locations were included in the climate database than were available during the development of the USLE.
Seasonal variations in soil erodibility were incorporated into the K factor. The effects on erosion of rock-fragment covers in the soil profile and fragments are included in the K and C-factors.
More accurate equations were formulated to estimate the topographic (LS) factor. To make RUSLE more versatile, a sub-factor approach was developed to calculate C-factor values, as discussed later. This approach uses variables describing the main features of a covermanagement system as it influences erosion rates (Toy et al., 1999, Toy and .
Hence, RUSLE provides more site-specific C-factor values. Process-based equations were used to estimate erosion-control practice (P) values, accommodating a wide-variety of site-specific practices. Overall RUSLE represents a vast improvement over the USLE. Toy et al., (1999) detail particular improvements of various versions of the RUSLE models as applied to mining, construction, and reclaimed lands.
How the Universal Soil Loss Equation works:
The Universal Soil Loss Equation (USLE) is an empirically-derived equation based on more than 10,000 plot-years of field data. The equation calculates erosion from sheet and rill erosion using the six major factors that control erosion.
A=RKLSCP (1)
Where: A represents the computed erosion rate (soil loss), R is the rainfall-runoff erosivity factor, K is a soil-erodibility factor, L is the slope-length factor, S is the slope-steepness factor, C is the cover-management factor, and P is a supporting-practice factor.
The RUSLE C-factor
The importance of the C-factor is described by Toy et al., (1999) : "The C-factor is perhaps the most important factor in RUSLE because: (1) it represents surface conditions that often are easily managed for erosion control, and (2) the values range from virtually 0 to slightly greater than 1, strongly influencing the soil-loss rate." As cover (vegetative or manufactured) and soil biomass increases, the C-factor value decreases. Well-protected soil has a C-factor value near zero; while nearly exposed soil has a C-factor value near one. C-factors greater than 1 are possible when site conditions are more erosive than the unit-plot conditions used to develop the C-factor (Toy et al., 1999) .
The utility of RUSLE was extended by the use of a sub-factor approach to calculate sitespecific C-factor values. By using this approach, RUSLE can be applied to a variety of environments, including mined land and construction sites (Toy et al., 1999) . These sub-factors include: vegetation canopy, raindrop fall height, soil-surface cover and roughness, root biomass, and prior land use. When calculating a C-factor value for the Northwest Wheat and Range Region (NWRR), an additional sub-factor for soil-moisture is included (Renard et al., 1997) . Table 1 summarizes the effects of the cover-management subfactors on erosion rates.
Each subfactor value is multiplied together to yield a soil-loss ratio (SLR) (Renard et al., 1997) . The equation for calculating the soil-loss ratio is given below: SLR = PLU * CC * SC * SR * SMR
A SLR is calculated for each time period during which the subfactors values remain constant,
The SLR for each time period is then weighted based on the fraction of rainfall and erosivity (EI) that occurs during that time period. The weighted factors are combined into an overall C-factor value. Table 1 . Cover-Management Subfactors and Effects (Toy et al., 1999 and Renard et al., 1997 Reduces infiltration and results in increased surface runoff and soil-loss.
C-factor values are equal to the reduction in soil loss for a specific-erosion control system when compared to the bare soil (control) condition. The designer of an erosion-control plan requires C-factor values representing various conditions from unvegetated, to fully vegetated, (including protection by mulches or Rolled Erosion Control Products (RECP), in order to determine an appropriate C-factor value to represent the planned site condition (Sprague, 1999) .
Purpose of Research
The purpose of this study was to derive RUSLE C-factor values from the rainfallsimulation data collected by the Texas Department of Transportation-Texas Transportation
Institute, Hydraulics and Erosion Control Laboratory (TTI) using computational methods developed at the San Diego State University, Soil Erosion Research Laboratory (SERL).
The utility of these C-factor values was then evaluated by means of comparisons with C-factor values computed by the RUSLE program and the values provided by erosion-control product manufacturers. Additionally, the spatial and temporal variability of C-factor values was examined.
Derivation of C-Factor Values
TTI has used rainfall simulation to test more than 50 erosion-control products, as well as straw mulch, and several vegetation covers (Landphair et al., 2001) . These tests were conducted on both sandy and clayey soils (USDA classification) on both 2:1 and 3:1 slope steepnesses. The data from these tests were used with the methodology developed by SERL (2001) Table 2 presents the sediment-loss data (in kilograms per 10 square meters) from the TTI rainfall simulation tests and the corresponding C-factor values calculated using the SERL methodology. 
The Utility of C-Factor Values
The methods used to calculate the C-factors values in Tables 2 are quite different from the methods originally used to compute C-factor values during and following the development of USLE. In addition, the RUSLE program utilizes the sub-factor approach in calculating C-factor values as described earlier. One way to evaluate the utility of the C-factor values in Table 2 is by comparing these values with those values developed for the USLE and values computed by the RUSLE program. First, it was necessary to construct comparable data sets using the best available information. C-factor values were calculated using the SERL methodology for straw mulch and several vegetative covers based on data from other TTI studies that used testing protocol similar to the TTI (2001) tests. C-factor values developed for the USLE were taken from Agricultural Handbook 537 (Wischmeier and Smith, 1978) . C-factor values were calculated using the RUSLE programs with the same inputs as used in the TTI tests. Finally, the C-factor values calculated using the SERL method were compared with the few available Cfactor values provided by erosion-control product manufacturers.
TTI Project 9-1504 and the TTI project published in Caltrans (2000) were selected for this study because the cover-management practices tested were analogous to those for which USLE C-factor values are available. These projects employed a testing methodology similar to that used in TTI (2001) . TTI Project 9-1504 compares the erosion-control properties of turf sod, native grasses, forbes, and wild flowers on 2:1 clayey and 3:1 sandy slopes. The vegetation on each plot was allowed to grow for two years and then was subjected to the same rainfall simulations that TTI uses to test erosion-control blanket on slopes. Sediment loss was recorded after each storm. The sediment-loss from each trial was then divided by the sediment-loss from the appropriate control slope (TTI, 2001) . These values are then used to calculate the SERLmethod C-factors in Table 3 .
The TTI data published in Caltrans (2000) measured the erosion-control effectiveness of crimped and tacked straw applied at a rate of 4000 lbs/acre on 2:1 and 3:1 slopes with both sandy and clayey soils. Each slope was subjected to ten-minutes of simulated rainfall at one-and twoyear event intensities.
The USLE C-factor values that were most comparable with the TTI test of straw on 3:1 slopes are found in Table 9 of Agricultural Handbook (AH) 537 (Wischmeier and Smith, 1978) .
C-factor values were developed for straw or hay, tied down by anchoring and tacking equipment, applied at 4000 lbs/acre, on slopes up to 150 feet long with steepnesses between 11% and 15%.
The USLE C-factor values that were most comparable with the TTI test of straw on 2:1 slopes also are found in Table 9 . C-factor values were developed for straw or hay, tied down by anchoring and tacking equipment, applied at 4000 lbs/acre, on slopes up to 75 feet long with a steepness between 21% and 25%. TTI Project 9-1504 tested bermudagrass, native grasses, wildflowers, native forbs/grasses, and crownvetch on 2:1 clayey and 3:1 sandy slopes but these covers do not have analogs in AH 537. The USLE values for an established meadow combination of alfalfa, lespedeza, and second year sericea were used for proxy comparisons (Table 5B , Agricultural Handbook 537, Wischmeier and Smith, 1978) . The USLE C-factor values are included in Table 3 . In some cases, the exact cover-management practice or vegetation type
was not available in the USLE literature or in the RUSLE2 database files. In these situations, similar vegetation was selected. The last column in Table 3 lists the substituted vegetation.
Comparison of C-Factor Values
A one-way ANOVA test was used to evaluate the differences between the C-factor values calculated from the TTI data using the SERL methodology, the USLE C-factor values found in Agricultural Handbook 537 (Wischmeier and Smith, 1978) , and C-factor values calculated using the RUSLE2 program. The results in Table 4 indicate that the null hypothesis, that there are no significant differences among the three sets of C-factor values, should be rejected. The ANOVA test identified a significant difference between the C-factors values calculated using the SERL methods and the USLE C-factor values found in AH 537 and C-factor values calculated with RUSLE2, but did not indicate which specific pair or pairs were significantly different. A Tukey test (see Table 5 http://www.profileproducts.com/futerra/index.html). A one-way ANOVA test was used to evaluate the differences between the C-factor values calculated from the TTI data using the SERL methodology and C-factor values provided by erosion-control product manufacturers. The results shown in Table 7 indicate that the null hypothesis, that there is no significant difference between the two data sets, should be rejected.
The C-factors values calculated using the SERL methods are significantly different from Cfactor values provided by the manufacturers. The results of the statistical analyses comparing the C-factor values calculated using the SERL method with values from: (1) the USLE (AH 537), (2) values calculated using the RUSLE2 program, and (3) values provided by the erosion-control product manufacturers suggest that it is inappropriate to use the SERL method to calculate C-factor values for the estimating erosion rates to be used in reclamation or erosion-control planning. However, from a practical perspective, there may be little alternative in many cases. Often, this method may constitute the best available technology.
Even though the statistical analyses suggest that the calculated values may be unreliable, there may be reasonable explanations for differences between the SERL values, the values from the USLE, the values from RUSLE program, and those provided by the manufacturers. One possible explanation for the differences is the variation in slope angles and soil-types used in the tests to measure erosion and to derive the C-factor values compared in the ANOVA analyses.
Another possible source of error rests in the selection of analogous vegetation. Unfortunately, it
was not possible to find in the available test data and in the published literature exactly comparable experimental conditions.
Further, there is "great" to "moderate" uncertainty associated with many of the calculated and USLE C-factor values, as indicated in Table 8 . Given the expected accuracy of these values and the fact that many of the calculated values are within a few percent of the USLE values; the SERL methodology may be more useful than indicated by the statistical analysis.
The values provided by the erosion-control manufacturers also may be questionable; several are in the category of "great" uncertainty.
In the absence of available C-factor values for specific products, the SERL method provides a "quick and dirty" method for C-factor value estimation. These values provide a soilloss ratio useful for comparing the surface protection resulting from similar erosion-control products. Users are cautioned, however, that these values may introduce large errors into their erosion calculations. The final decision of whether to use these values or not depends on the error tolerance of the RUSLE user. Future scientific research is needed to calculate specific Cfactors for erosion-control products and evaluate their performance for 1-month, 3-month, 6-month, 1-year, and 2-year periods. A two-factor, without replication, ANOVA analysis was used to test the null hypothesis that there is no spatial or temporal difference in the calculated C-factor values. The results in Table 10 indicate that this null hypothesis should be rejected at the one-percent significance level. Several conclusions are drawn from this analysis. First, C-factor values vary significantly at different geographic locations. Second, C-factor values vary significantly throughout the year.
Lastly, it is inappropriate to select a single C-factor value for all geographic locations, during all times of the year. While there may be occasions and circumstances where single C-factor values provide satisfactory erosion estimates, the above analysis does not support this practice.
Based on this study, the risk of introducing error into the RUSLE erosion estimates by using the same C-factor value at a particular location for different times of year (maximum range of 0.14) seems to be slightly lower than using the same C-factor value at different locations (maximum range of 0.24).
The results of this study indicate that geographic variation may result in erosion calculation errors as large as 24%, while temporal variation may result in errors up to 14%.
These results also suggest that it may be possible to "regionalize" C-factor values without introducing unreasonable error into the estimates. For example, Denver, CO and Cheyenne, WY have maximum C-factor difference of 0.01, which produces a one-percent error in the erosion calculation. Further study is required to define these regions.
Overall, it is best to calculate site-and time-specific C-factors using the RUSLE program.
When this is not possible, RUSLE users must make well-informed and conscious decisions regarding how much calculation error is acceptable for a particular purpose and select C-factor values based on that tolerance threshold. It is imperative that RUSLE users understand the possible consequences associated with improper C-factor value selection. 
Conclusions
There is little consensus in the erosion-science community concerning which values for the cover-management factor (C-factor) should be used when the USLE or Revised Universal Soil Loss Equation (RUSLE1.06) is applied to non-agricultural lands, such as mined lands and construction sites. Based on this study, the C-factor values calculated from the TTI data by the SERL method are significantly different than the USLE values found in AH 537 (Wischmeier and Smith, 1978) and the values calculated with the RUSLE2 program. Despite these findings, in many real-world situations the SERL methods and the resulting values may constitute the best available technology. Given the highly variable nature of low magnitude C-factor values and the fact that many of the calculated values are within a few percent of the USLE/RUSLE2 values, the SERL methodology may be more useful than implied by the statistical analysis. The values presented by the erosion-control manufacturers appear questionable because several fall within the category of "great" uncertainty and are of uncertain derivation.
Due to the paucity of research-derived C-factor values for specific erosion-control products, the SERL method provide "quick and dirty" C-factor values. At worst, these values provide a soil-loss ratio useful for comparing the surface protection of similar erosion-control products. RUSLE users must be cautioned that improper C-factor value selection may introduce large errors into their erosion calculations. The final decision of whether to use these values or not depends on the error tolerance of the RUSLE user. RUSLE2 (Version-December 2, 2003) offers only a few choices under the Management tab for erosion-control blankets (Roll Material, Roll Material Quick Decay, Roll Material Slow Decay, Roll Material ws05 Single Net Straw 0.5 lbs/sq yd). Based on the variable erosion-control success of the products tested by TTI, there is a distinct need for additional options within RUSLE2 in order to select specific erosion-control products.
The spatial and temporal variation in C-factor values is statistically significant. It is inappropriate to assign a single C-factor value to represent the surface protection provided by a specific erosion-control product at all geographic locations, during all times of the year. There may be occasions and circumstances where such assignments cannot be avoided but the RUSLE user must recognize the probability of introducing substantial errors into the erosion calculations.
Use of a C-factor value from another, hopefully nearby, location within the region seems to be
